Abstract. The objective of the present study was to explore the in vitro and in vivo anticancer effects of Platycodin D (PD), derived from Platycodin grandiflorum, on highly metastatic MDA-MB-231 breast cancer cells. Using the MTT assay, we found that PD inhibited MDA-MB-231 cell growth in a concentration-dependent manner, with an IC 50 value of 7.77±1.86 µM. Further studies showed that PD had antiproliferative effects and induced cell cycle arrest in the G0/G1 phase. To explore the detailed mechanism(s) by which PD suppressed MDA-MB-231 cell growth, western blot analyses were used to detect the expression levels of proteins related to cell proliferation and survival. The data showed that PD decreased the expression of proteins related to the G0/G1 phases, downregulated the protein expression of MDM2, MDMX, and mutant p53, and increased the expression levels of p21 and p27 in vitro. We verified the effects of PD on the expression of MDM2, MDMX, mutant p53, p21 and p27 using a pcDNA3-Flag-MDM2 plasmid and MDM2 siRNA transfection, and found that PD inhibited MDA-MB-231 cell viability by targeting MDM2 and mutant p53. Compared with the corresponding parental cells, the cells with siRNA-MDM2 transfection had a greater decrease in cell viability and proliferation, while those with pcDNA3-MDM2 plasmid transfection did not show any increase in the effects of PD. We also established a MDA-MB-231 xenograft model in BALB/c nude mice, and found that PD significantly inhibited the growth of MDA-MB-231 xenograft tumors in these mice. The expression levels of various proteins in the tumor tissue exhibited changes similar to those observed in vitro. These findings indicate that PD exerted in vitro and in vivo anticancer effects against MDA-MB-231 breast cancer cells, that PD is a potential MDM2/MDMX inhibitor, and that the anticancer effects of PD were likely associated with its inhibition of these proteins. Our observations help to identify a mechanism by which PD functions as an anti-breast cancer agent.
Introduction
Breast cancer is the most frequently diagnosed malignancy and the leading cause of cancer death among females worldwide, accounting for 25% of all cancer cases and 15% of the total cancer deaths in 2012 (1) . According to the American Cancer Society, about 231,840 new cases of invasive breast cancer and approximately 60,290 new cases of carcinoma in situ would occur in the US in 2015 (2) . To relieve the huge burden of cancer therapy and promote women's health, there is an urgent need to discover new drugs to treat breast cancer.
Natural products, such as thymoquinone, wogonin, naphtho, and quercetin, have been shown to possess different anticancer functions, such as the induction of cell cycle arrest, suppression of tumor angiogenesis, and inhibition of cell migration or invasion (3) . Platycodin D (PD), a triterpenoid saponin derived from the roots of Platycodin grandiflorum, has been reported to possess a wide rangeof health benefits, such as anti-atherosclerotic (4), anti-inflammatory (5, 6) , hypocholesterolemic, and anti-obesity effects (7) , as well as spermicidal and contraceptive activity (8) . Among the various health benefits of PD, anticancer effects have been noted in several cancer cell lines, including lung cancer cells (9) , hepatocellular carcinoma cells (10) , gastric cancer cells (11) , prostate cancer cells (12) , and leukemia cells (13, 14) . PD has also been reported to inhibit the viability of human breast cancer cells in vitro (15) (16) (17) .
The mouse double minute-2 (mdm2) gene, which was discovered as an oncogene in 1991 (18) , has been reported to be amplified in more than 40 different types of malignancies. As reported by Rayburn et al (19) , the protein encoded by mdm2, MDM2, is associated with cancer development, progression, the resistance to chemotherapy, and can serve as a prognostic marker (20) . The tumor suppressor p53 acts as a transcription factor regulating genes involved in DNA repair, cell cycle arrest and apoptosis. The protein function of wild-type p53 gene may be lost because of overexpression of MDM2/MDMX. The inhibition of MDM2-p53 interaction presents an appealing therapeutic strategy for the treatment of cancer (21) . As is well known, the p53 gene is mutated in ~50% malignant tumors (22) . There are distinct functional differences between mutant and wild-type p53. Mutant p53 loses its tumor suppressive activity and may actually function as an oncogene (23) , which is widely expressed on the MDA-MB-231 human breast cancer cell line (23) . The highly metastatic MDA-MB-231 cells are special cells in that they are triple-negative breast cancer cells lacking the expression of the estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2. These cells are insensitive to many types of chemotherapy and radiation, mimicking the clinical picture, where there are fewer or no effective treatment options compared to non-triple-negative disease. Since PD has been shown to exert anticancer effects in many types of malignant cells, we wondered whether PD exerts its functions in inhibiting tumor growth by inhibiting MDM2 and mutant p53 in MDA-MB-231 cells.
In the present study, we first evaluated the effects of PD on the viability, proliferation, and cell cycle of MDA-MB-231 human breast cancer cells. MDA-MB-231 xenograft tumors were subsequently established to assess the functions of PD in vivo. We also detected the expression of G0/G1 phaserelated proteins, as well as MDM2, MDMX, mutant p53, p21, and p27 in vitro and in vivo to aid in our understanding of the mechanism by which PD exerts these effects. We believe that the present data support further investigations into the application of PD as a safe and effective natural compound for the treatment of triple-negative breast cancer.
Materials and methods

Chemicals and reagents.
Compound PD (purity: >98%) was purchased from Chengdu MustBio-Technology Co., Ltd. (Chengdu, China). The structure and molecular weight of PD were shown in Fig. 1A . RPMI-1640, fetal bovine serum (FBS), trypsin, and phosphate-buffered saline (PBS) were obtained from hyclone (Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were procured from Sigma-Aldrich (St. Louis, MO, USA). The BrdU Cell Proliferation Assay kit was purchased from Cell Signaling Technology Inc. (Danvers, MA, USA). The antibodies against human CDK2, CDK4, CDK6, and Cyclin E used in the western blot analyses were obtained from Boster Biotechnology (Wuhan, China). The anti-Ki67 antibody was from Abcam (Burlingame, CA, USA). The mouse anti-Flag antibody (F-3165) was from Sigma-Aldrich. The anti-human MDM2 antibody was from Calbiochem (Billerica, MA, USA), while the anti-p27 antibody was procured from Cell Signaling Technology, Inc. The MDMX, p21 and p53 antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The GAPDh antibody was obtained from Good here Biotechnology Co., Ltd. (hangzhou, China) and the secondary antibodies were all purchased from ZSGB-BIO (Beijing, China). Cell lines and cell culture. The highly metastatic human breast cancer cell line, MDA-MB-231, was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), and cells were cultured in RPMI-1640 containing 10% FBS. The cells were maintained in a humidified incubator at 37˚C containing 5% CO 2 and were passaged at a 1:2 dilution upon confluence every two to three days.
Cell viability assay. The MTT assay was used to assess the impact of PD treatment on the viability of MDA-MB-231 cells. To determine whether PD had a concentrationdependent effect on the cell viability, we designed a concentration gradient from 0 to 20 µM of PD. The cells were seeded into 96-well plates at a density of 1x10 4 cells per well. After being cultured in an incubator overnight, the cells were treated with various concentrations of PD (0, 2.5, 5, 10 or 20 µM) for 48 h then 5 mg/ml of MTT solution was added into each well. After the cells were incubated with the MTT solution for 4 h, DMSO was used to dissolve the formazan crystals, and the absorbance was read at 570 nm using a Bio-Tek Synergy hT multifunction plate reader (BioTek, Winooski, VT, USA). Three independent experiments were conducted to determine the IC 50 value of PD.
Immunocytochemistry. MDA-MB-231 cells were exposed to 1/1,000 DMSO or 20 µM PD for 48 h to observe the expression of the proliferation marker, Ki67. After being exposed to DMSO or PD, the cells were fixed with 4% paraformaldehyde for 30 min, incubated sequentially with 0.3% Triton X-100 for 1 h, goat serum for 30 min, and an anti-Ki67 (dilution ratio 1:1,000) antibody overnight at 4˚C. After that, the sections were rinsed with PBS, incubated with a Cy3-conjugated AffiniPure Donkey Anti-Rabbit IgG (H+L) secondary antibody, and stained with DAPI solution. Finally, the cells were observed and photographed under a fluorescence microscope.
Cell proliferation assay. To evaluate the effects of PD on the proliferation of MDA-MB-231 cells, we performed the BrdU Cell Proliferation Assay. Cells (1x10 4 cells per well) were seeded into 96-well plates and treated with PD at concentrations of 0, 2.5, 5, 10, or 20 µM for 48 h. The cells were then exposed to BrdU label for another 10 h, fixed for 30 min, and incubated with an anti-BrdU antibody for 1 h at room temperature, then treated according to the manufacturer's instructions. Finally, the absorbance was read at dual wavelengths of 450 and 540 nm by a Bio-Tek Synergy hT multifunction plate reader (BioTek).
Cell cycle analysis.
To assess the effects of PD on the cell cycle of MDA-MB-231 cells, we performed a cell cycle analysis using flow cytometry. The cells were seeded into 50 ml culture bottles at a density of 1-2x10 6 cells per bottle and were treated with different concentrations of PD (0, 2.5, 5, 10, 20 µM). After being incubated with the various concentrations of PD for 48 h, we collected the cells by centrifugation, washed them twice with cold PBS, and then fixed them with 75% ethanol overnight at 4˚C. The next day, the cells were resuspended with 100 µg/ml RNAase and 50 µg/ml PI staining solution. The DNA contents were detected by a FACSCaliber flow cytometer (BD Biosciences, San Jose, CA, USA).
Western blot analysis. MDA-MB-231 cells were exposed to various concentrations of PD (0, 5, 10 and 20 µM) for 24 h. The cells were then lysed with RIPA buffer containing 1% PMSF. Equal amounts of protein were subjected to 8-12% SDS-PAGE. After being electrophoresed for 2 h, the separated proteins were transferred to PVDF membranes which were blocked in 5% skim milk for 4 h at 37˚C, and then were incubated with specific antibodies overnight at 4˚C with gentle shaking. After being washed with TBST solution for 40 min, the membranes were incubated with goat anti-mouse/rabbit horseradish peroxidase-conjugated secondary antibodies for 2 h at 37˚C, followed by exposure of the membranes to film in a darkroom.
Transfection experiments using an MDM2 plasmid. The pcDNA3-Flag-MDM2 plasmid was provided by Dr Ruiwen Zhang, Texas Tech University health Sciences Center (Amarillo, TX, USA). MDA-MB-231 cells were transfected with 3 µg pcDNA3-Flag-MDM2 plasmid for 5-7 h and were then treated with PD (20 µM) for 24 h. The procedure was carried out as previously described (12) . Western blot analysis was performed to assess the expression of various proteins.
Transient transfection of MDM2 siRNA. MDA-MB-231 cells were transfected with MDM2 siRNA at a final concentration of 100 nM or with 50 nM of a negative control siRNA for 5-7 h.
Then, 20 µM of PD was added to the MDM2-silenced cells for 24 h. Finally, a western blot analysis was performed to detect the expression of MDM2-related proteins. To verify whether PD inhibited highly metastatic MDA-MB-231 breast cancer growth by targeting the MDM2 oncogene, we performed the MTT and BrdU assays on cells transfected with MDM2 siRNA or an MDM2 expression plasmid.
Tumor xenograft study. Female athymic BALB/C nude (nu/nu) mice (4-6 weeks old) were procured from the Medical Experimental Animal Center of the Third Military Medical University. The animal care and experimental procedures were performed with the approval of the Animal Ethics Committee of the Third Military Medical University. MDA-MB-231 cells were collected and resuspended in serum-free RPMI-1640 medium and were mixed with Matrigel (BD Biosciences, Bedford, MA, USA) at a 3:1 ratio. Each mouse was subcutaneously injected with 5x10 6 cells per mouse in the right subaxillary area to establish a MDA-MB-231 breast cancer xenograft model. Six days after the injection of the cells, the animals bearing human breast cancer xenograft tumors were randomly divided into a control group, 1 mg/kg PD group and 2.5 mg/kg PD group. PD was dissolved in PEG400:Saline:Ethanol (400:300:200, v/v/v) and was administered via i.p. injection. All mice were treated five days per week for four weeks. The body weight and tumor size of each mouse was monitored every three days by an electronic scale and Vernier calipers by two different observers. We measured two perpendicular diameters of the xenograft tumors: the longer dimension was recorded as 'a' and the shorter dimension was recorded as 'b'. We converted the two measured values into the tumor weight using the formula: (axb 2 )/2. The mice were sacrificed after being treated for four weeks. The xenograft tumors were carefully removed, weighed, photographed, and frozen at -80˚C until used for western blot analysis.
Statistical analysis. Graphic illustrations of the results were obtained using the Graphpad Prism 5.0 software program (GraphPad Software, San Diego, CA, USA). SPSS 17.0 was used to perform the statistical analysis. Measured data were expressed as the means ± standard deviations (SD) and the statistical significance of differences between groups was assessed using a one-way ANOVA when the data were normally distributed and had homogeneous variance. A value of p<0.05 was considered to be statistically significant. 
Results
PD inhibits the growth of MDA-MB-
PD decreases the proliferation of the MDA-MB-231 breast cancer cells in vitro.
Cell proliferation was detected by immunocytochemistry and BrdU cell proliferation assay. The expression of the proliferation marker Ki67, is shown in Fig. 2A and B with immunocytochemistry method. The proportion of proliferating cells was reduced from 69.5% to 38.6% by treatment with 20 µM PD (Fig. 2B ). The BrdU cell proliferation assay indicated that PD inhibits the proliferation of MDA-MB-231 cells in a concentration-dependent manner (Fig. 2C ). All concentrations of PD over 5 µM significantly decreased the cell proliferation. In the cells treated with the 20 µM concentration of PD, the proliferation index decreased to 34±0.05% of that in the control group. cytometry. As shown in Fig. 3A , the majority of the MDA-MB-231 cells were blocked at the G0/G1 phase following PD treatment, and this occurred in a concentration-dependent manner. Treatment with 20 µM PD significantly arrested the cell cycle progression, with 84.67±4.13% of cells found in the G0/G1 phases after a 48 h treatment. We also performed western blot assays to detect the expression of G0/G1 phase-related proteins. As illustrated in Fig. 3B and C, PD significantly decreased the expression levels of CDK2, CDK4, CDK6, and Cyclin E.
PD induces cell cycle arrest in the G0
PD changes the expression levels of MDM2, MDMX, mutant
p53, p21 and p27. After the cells were treated with PD for 24 h, the expression levels of MDM2, MDMX, mutant p53, p21 and p27 were analyzed by western blotting. As shown in Fig. 4A , PD downregulated the expression of MDM2, MDMX and mutant p53. In contrast, PD upregulated the expression levels of p21 and p27 (Fig. 4B) , which are proteins downstream of MDM2 and MDMX, which function as cancer suppressors.
To further understand the expression of MDM2-related proteins, we performed a transfection experiment. A pcDNA3-Flag-MDM2 plasmid or MDM2 siRNA was used to control the MDM2 expression. As shown in Fig. 5A , the expression of MDM2 was downregulated after treatment with 20 µM of PD for 24 h. The upregulation of MDMX and mutant p53 were also inhibited by treatment with PD. The changes in p21 and p27 expression were the opposite of those of MDM2 (Fig. 5B) .
As illustrated in Fig. 6 , MDM2 was silenced by MDM2 siRNA and further downregulated by PD. The expression levels of MDMX and mutant p53 were decreased along with the MDM2 expression level, but the p21 and p27 proteins were upregulated. Fig. 7A and B, the cells transfected with the pcDNA3-Flag-MDM2 plasmid showed a similar sensitivity to PD as the parental cells. In contrast, the cells transfected with siRNA against MDM2 showed greater inhibition of the cell viability following treatment with PD than did the parental cells. Similarly, as shown in Fig. 7C and D, the cells transfected with the pcDNA3-Flag-MDM2 plasmid were less sensitive to treatment with PD than were the parental cells, while the cells transfected with siRNA-MDM2 showed a greater decrease in proliferation following treatment with PD than did the parental cells. Together, these findings indicate that PD affected the MDM2, and the effects are related to its anti-proliferative and anti-growth effects on the cells.
PD inhibits MDA-MB-231 cell growth by targeting the MDM2 oncogene. As shown in
PD inhibits the growth of MDA-MB-231 xenograft tumors.
All xenograft tumor-bearing mice were randomly divided into a control group, 1 mg/kg PD group and 2.5 mg/kg PD group so that all three groups had a similar xenograft tumor size. Each mouse was treated five days a week for four weeks. The body weight and tumor size were analyzed every three days to estimate the effects of different doses of PD (Fig. 8A and B) . As shown in Fig. 8C and D, there were significant differences in the tumor weight among the three treatment groups. PD (1 mg/kg and 2.5 mg/kg) inhibited the tumor growth by 24% and 30% compared to the control on day 27 (p<0.05). however, there were no significant differences in the body weight change among the three treatment groups (Fig. 8A) . These results indicated that PD administration significantly inhibited the growth of xenograft tumors even at a dose of 1 mg/kg body weight. PD treatment did not lead to any significant change in the body weights of the mice up to 2.5 mg/kg, suggesting that PD does not exert any major toxicity at this dose. We further examined the expression levels of various proteins in vivo. As shown in Fig. 9 , PD decreased the expression of MDM2, MDMX, and mutant p53 and increased the expression of p21 and p27. The expression of G0/G1 phase-related proteins, including CDK2, CDK4, CDK6, and Cyclin E, was downregulated. These results were consistent with the in vitro findings.
Discussion
Natural products have been receiving increasing attention because of their diversity of anticancer effects and relative safety. As the most abundant triterpenoid saponin derived from the roots of Platycodin grandiflorum, Platycodin D (PD), has been reported to show a wide range of health benefits, such as anti-atherosclerotic (4), anti-inflammatory (5,6), hypocholesterolemic and anti-obesity effects (7) . Previous studies have shown that PD has obvious anticancer activity against different human malignant cancer cells both in vitro (10, 11, 13, 14, 16, 17) and in vivo (9, 12, 15) .
Breast cancer is a major public health issue for women worldwide. A previous study reported that PD inhibited the growth, migration and invasion of MDA-MB-231 cells by suppressing the EGFR-mediated Akt and MAPK pathways (15) . Furthermore, PD blocked breast cancer-induced bone loss by suppressing osteoclastogenesis (24) . It was also found to enhance the anti-proliferative effects of doxorubicin in MCF-7 and MDA-MB-231 breast cancer cells (25) . The combination of PD and osthole inhibited the proliferation and invasion of MDA-MB-231 and 4T1 human breast cancer cells (17) . We performed the present studies to better understand the potential mechanisms by which PD decreases the viability of MDA-MB-231 cells.
Our present findings showed that PD decreased the viability of MDA-MB-231 cells and inhibited their proliferation in a concentration-dependent manner. The IC 50 value of PD for inhibiting cell growth was less than 10 µM, and treatment of cells with 20 µM PD decreased the proliferation index to 34±0.05% of the rate observed in the control group. These anti-proliferative effects were consistent with those reported in previous studies (10, 12, 15, 26) . Furthermore, we detected the expression of Ki67 in MDA-MB-231 cells, which is a classic marker of cell proliferation. We observed that Ki67 expression was significantly reduced by PD, which was also consistent with the previous finding that PD could inhibit the expression of Ki67 in MDA-MB-231 xenograft tumors (15) .
The results of the cell cycle analysis indicated that PD induced concentration-dependent cell cycle arrest in the G0/G1 phase. It is interesting that PD may have different effects on the cell cycle in different cell lines. As we reported previously, PD induced cell cycle arrest in the G0/G1 phase in the DU145 and LnCaP prostate cancer cell lines, but induced arrest in the G2/M phase in the PC3 prostate cancer cell line (12) .
We further explored the antitumor effects and potential mechanism of action of PD in MDA-MB-231 cells in vitro and in vivo. MDA-MB-231 cells are triple-negative (ER/PR/ hER2-neg), providing a model of a more difficult-to-treat type of breast cancer. A previous in vitro study on PD in MDA-MB-231 cells reported that PD inhibited the growth of cells via suppression of the EGFR-mediated Akt and MAPK pathways (15) . In our study, we focused on the effects of PD on the expression of mutant p53 and MDM2/MDMX in MDA-MB-231 cells. The tumor suppressor p53, a classic transcription factor, plays an important role in regulating many key cellular processes. When DNA is damaged, p53 regulates a large number of target genes related to cell cycle arrest, apoptosis, senescence, autophagy and metabolism (27, 28) . however, p53 is mutated in the majority of human cancers, resulting in a prevention or reversal of its functions (29) (30) (31) . It has been reported that mutated p53 contributes to various steps of tumorigenesis (32) . It has been reported that 60-88% of advanced breast cancers harbor mutant p53. In a previous study, Kim et al found that the levels of mutant p53 could be decreased in a concentration-and time-dependent manner after treatment with a ginsenoside, Rg3, in MDA-MB-231 cells (33) . Our present data showed that PD inhibited MDA-MB-231 cell viability by targeting mutant p53, which suggests that PD represents a safe and effective natural compound that can be used for the treatment of advanced breast cancer.
MDM2 is a well-known oncogene. The p53-MDM2-MDMX loop has been reported as a target for cancer therapy (34) . MDM2 and MDMX are important negative regulators of p53 that have been shown to function collaboratively (35) . In cancer patients with tumors harboring mutant p53 or without p53 expression, including breast cancer patients, MDM2 overexpression is still found to be involved in cancer growth and metastasis (36) . The MDA-MB-231 cells have mutant p53 (37, 38) , which works as a driving oncogene (39) . Therefore, we detected the expression levels of the MDM2, MDMX and mutant p53 proteins in the present study. The results of the western blot analyses indicated that PD can downregulate MDM2, MDMX and mutant p53 and upregulate the expression of p21 and p27. The results of the MTT and BrdU assays in the MDM2 siRNA-and MDM2 plasmid-transfected cells indicated that PD inhibited MDA-MB-231 cell growth by targeting the MDM2 oncogene. Based on these findings, we believe that the effects of PD are at least partially p53-independent.
We further explored the antitumor activity of PD using the MDA-MB-231 xenograft tumor model. We found that PD decreased the growth of the xenograft tumors even at the 1 mg/kg dose, which was much lower than the dose used in a previous study of the effects of PD on MDA-MB-231 xenograft tumors (15) . We also checked the protein expression of mutant p53, MDM2, MDMX, p21 and p27 in the xenograft tumor tissues, and found that all of the differences in expression between control and treated animals corresponded with those noted in the in vitro study.
In conclusion, our present study results indicate that PD can inhibit the growth of MDA-MB-231 human breast cancer cells and tumors, and these effects may be at least partially mediated via its targeting of the MDM2 oncogene. PD decreased the expression levels of MDM2, MDMX, and mutant p53, and upregulated the expression of proteins downstream of MDM2 (p21 and p27) to induce cell cycle arrest, inhibit cell proliferation, and promote cell death.
It is a limitation to draw our conclusion based on the effects on only one cell line (MDA-MB-231 cells). Thefore, detailed mechanisms by which PD inhibits the growth of human triple-negative breast cancer cells will need to be elucidated or confirmed in future studies. however, our findings and those of previous studies suggest that PD may represent a potential anticancer agent for use against advanced breast cancer.
